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EARTHQUAKE RESISTANCE OF INDUSTRIAL STEEL STORAGE RACKS 
C. K. Chen l and R. E. Scholl I I 
INTRODUCTION 
Industrial steel storage racks are an important class of structures because 
about 40% of all goods are stored on racks at some time during the manufac-
ture-to-consumption cycle. The seismic response behavior of these structures 
is therefore of significant economic importance and is also important to 
health and safety in connection with the storage of food and medical supplies. 
Traditionally, criteria for design and construction of industrial racks have 
been developed by their manufacturers and have been directed primarily at 
gravity loading, with little attention given to earthquake loading. The need 
for considering seismic effects in the design of industrial steel storage 
racks has been recognized by two groups: the Rack Manufacturers Institute 
(RMI) in its Inte~im Speeifieation fo~ the Design, Testing and utiLization of 
Indust~aL steeL Sto~ge Raeks (1972 and 1979 editions),7 and the Interna-
tional Conference of Building Officials in the Uniform BuiLding Code (UBC, 
1973, 1976, and 1979 editions).6 Because the seismic criteria adopted by the 
two organizations are different in some respects, URS/John A. Blume & 
Associates, Engineers, conducted a comprehensive study5 to reconcile those 
differences and to establish state-of-the-art seismic design requirements for 
industrial steel storage racks through correlation and evaluation of various 
testing results and analytical parameter variation studies. A further analyt-
ical studylO was conducted to investigate the feasibility of a proposed eccen-
tric bracing system for rack structures. 
The first part of this paper summarizes the results of shaking-table tests of 
two different structural systems--i .e., the moment-resisting-frame system 
(standard pallet and drive-in racks in the longitudinal direction) and the 
braced-frame system (standard pallet and stacker racks in the transverse di-
rection). The 1940 E1 Centro north-south earthquake record and the 1966 Park-
field earthquake record were used as the ground motion simulation. Special 
emphasis was placed on the evaluation of X-factors used for seismic design in 
the UBC method. 6 The second part of the paper presents a comparison of re-
sults from the analytical study of the conventional and the eccentric bracing 
systems. 
TEST STRUCTURES AND INSTRUMENTATION 
The standard pallet rack selected for testing is currently the most common 
rack used for merchandise storage. Figure 1 is a photograph of the standard 
pallet rack assembly on the 20-ft-square (6-m) shaking table at the University 
of California, Berkeley. Connection details are also shown in the figure. 
The standard pallet rack modular assembly consists of prefabricated uprights 
in the transverse direction and horizontal beams spanning between successive 
uprights in the longitudinal direction. The uprights have two posts 43 in. 
(1.1 m) apart (outside dimensions) that are connected by 96-in.-10ng (2.4-m) 
(I) Structural Engineer, (I I) Vice President, URS/John A. Blume & Associates, 
Engineers, San Francisco, California 
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horizontal members spaced 5 ft (1.5 m) vertically. The upright posts have 
bearing plates at the bottom that have a single hole through which floor 
anchors were installed for the tests considered here. Connections of the up-
right frame members are button welded. The beam end connections (shelf con-
nectors) are of the clip-in type, and the upright posts are slotted along 
their flJll height to allow variations in beam vertical spacings. The lateral-
load-resisting system for the standard pallet rack consists of a bracing sys-
tem in the transverse direction and a moment-resisting-frame system in the 
longitudinal direction. 
In the drive-in storage rack (Figure 2), storage pallets are supported by rail 
members spanning between support arms that cantilever from the columns rather 
than by beams spanning the bay width, as in the standard pallet rack. The 
drive-in rack is accessible from one side, but forkl ifts cannot pass all the 
way through. Upright frame (and anchor frame) assemblies are similar in con-
struction to those described for the standard pallet racks. The frames are 
connected by a continuous rail that supports the pallets. In the direction 
parallel to the aisle (longitudinal), the upright frames are connected at the 
top by continuous tie members (overhead tie beams). For the anchor frames, 
ties (anchor beams) are provided at each story level. The lateral-load-
resisting system for the drive-in rack typically consists of bracing in the 
direction perpendicular to the aisle (transverse) and the frame action in the 
longitudinal direction. 
Stacker racks (Figure 3) are part of an industrial storage system that gen-
erally uses floor-running stacker cranes for storage and retrieval of goods in 
large distribution centers. Stacker cranes are usually remote-controlled and 
can operate in narrow aisles so that material storage density can be maxi-
mized. With computerized controls, stacker racks can provide an efficient, 
inventory-controlled material-handling system. Stacker rack frame assemblies 
resemble the drive-in racks previously described, but they are usually more 
complex structures because they are larger. Lateral-load-resisting systems 
generally consist of bracing in the transverse direction and frame action com-
bined with supplemental bracing in the longitudinal direction. 
All racks mentioned above were anchored to the shaking table during the tests. 
All members were made of cold-formed steel. The minimum yield stress speci-
fied by the manufacturers of the standard pallet and stacker racks, for all 
members except the diagonal rods of the stacker rack, was 45 ksi (310 MPa). 
The mi n imLim yi el d stress of the d i agona I rods, and of all members of the 
drive-in rack, was 36 ksi (248 MPa). The gravity live load was simulated by 
concrete blocks, weighing 1,000 lb (4.45 kN) each, tied to the beams or pallet 
rails. 
The data-acqu'isition system sampled each response channel 50 times per second 
and stored the data by computer on a magnetic disc; the records were then 
transferred to magnetic tape for permanent storage. The response quantities 
measured included accelerations and displacements of each floor and deforma-
tions of the columns and the bracing members. 
TEST RESULTS 
For each rack configuration, tests were conducted in both the longitudinal 
direction (moment-resisting-frame system) and the transverse direction 
(braced-frame system). The ground motion was simulated by accelerograms re-
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corded during the 1940 El Centro N-S earthquake (EC.) and the 1966 Parkfield 
earthquake (pF). The designations 1/4 EC and 1/2 EC represent tests performed 
with the maximum amplitude about 1/4 and 1/2 that of the actual El Centro rec-
ord, respectively. Figures 4 and 5 illustrate the 1/2 EC and 1/2 PF input 
table signals, respectively. For each rack tested, the intensities of the 
table motions were increased progressively from very slight motions causing 
only elastic response to severe earthquakes causing material yielding and 
structural damage. 
Figures 6 and 7 are plots of base shear coefficient (the ratio of base shear 
to storage weight, vlw) versus fundamental period of vibration (T) in terms of 
the building code demand (requirement) and rack capacity of all racks consid-
ered, along with their actual seismic demand (performance) in the shaking-
table tests. The building code demand was based on the UBC Zone 4 seismic 
requirements assuming K = 0.67 for the moment-resisting-frame system (Figure 
6) and K = 1.33 for the braced-frame system (Figure 7). The base shear design 
capacities for rack structures were determined from the 1979 RMI specifica-
tions. 7 The base shear demand values from the shaking-table tests were deter-
mined by summing the story inertia forces (story mass times story accelera-
tion) from the top to the story level in question. The solid triangles and 
circles given with input signals represent the results from the shaking-table 
tests; the hollow triangles and circles stand for the base shear capacities 
for racks considered. A brief summary of the results shown in Figures 6 and 7 
follows. 
Moment-Resisting-Frame System. From a comparison of building code require-
ments and the rack capacity shown in Figure 6, it is evident that the racks in 
the moment-resisting-frame direction were underdesigned by a factor of approx-
imately 2. Nevertheless, the racks performed very well during the shaking-
table tests and could be expected to resist base shear values that are 4 to 5 
times the design capacity values without structural damage. The measured ro-
tational ductility ratio for the most critical column was about 2.4 for the 
standard pallet subjected to an earthquake input of 7/8 EC, which corresponds 
to a peak ground acceleration of about 0.3g. All test runs for the drive-in 
rack indicated in the figure were within the elastic range, and none of the 
members exceeded the yield limit. The damping values measured from the shak-
ing-table decay data were in the range of 3% to 9% of critical. The maximum 
drifts observed were about 0.07 and 0.03 times the story height (H) for the 
standard pallet rack and the drive-in rack, respectively. This indicates that 
the racks studied can tolerate much greater drift ratios than are allowed in 
the UBC method (0.005) and the ATC method (0.015).1 From the above discus-
sion, it is apparent that the UBC method using a K value of 0.67 would provide 
adequate earthquake .resistance for the moment-resisting-frame system because 
of the structures' high damping capacity and highly nonlinear behavior at the 
beam-column connections. 
Braced-Frame System. As shown in Figure 7, the lateral force capacities of 
the standard pallet and the stacker racks in the transverse direction were 
slightly less than those prescribed by the UBC Zone 4 lateral force provision. 
A comparison of shaking-table performance (demand) and the rack capacity indi-
cates that the racks studied did not perform as well as the moment-resisting-
frame system. The results shown in the figure indicate that the maximum ratio 
of earthquake demand to the capacity was approximately 2. However, as noted 
in Figure 7, both the standard pallet and stacker racks suffered severe struc-
tural damage during the shaking-table tests. For the standard pallet rack, 
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noticeable buckling of columns near the base plate was observed during the 
shaking-table test using an input signal of 5/8 EC, corresponding to a PGA of 
about 0.2g. The stacker rack suffered considerable buckling in the bottom 
diagonals when subjected to an earthquake input of 1/2 EC, corresponding to a 
PGA of 0.16g. The damping values were much smaller in the braced-frame system 
(ranging from 0.5% to 3% of critical) than in the moment-resisting-frame sys-
tem. The maximum drift ratio measured was about 0.02, which is still above 
the allowable limits of either the UEC method or the ATC method. 
Discussion. From the above reSUlts, it is evident that damage in the braced-
frame system was evinced at much lower shaking-table motion than in the 
moment-resisting-frame system. In addition, the damage evinced in the braced-
frame system usually implies imminent collapse, with no reserve or ductile 
lateral strength capacity. Thus, a larger load factor (1.25 recommended in 
the UEC method) or some design modifications to the braced-frame system are 
needed to preclude early nonductile damage during a strong earthquake. 
APPLICATION OF ECCENTRIC BRACING 
A variety of actions might be taken to achieve the desired seismic performance 
of braced-frame systems. One method is the eccentric bracing concept proposed 
by Professor Popov of the University of California at Berkeley.S In this sys-
tem--unlike conventional diagonal bracing systems in which the brace center-
lines are connected to columns--the braces are offset horizontally with 
respect to the beam-column joints. Using this offset in building design makes 
it feasible to provide sufficient stiffness and ductility in an economical 
way. 
The purpose of the study reported in Reference 10 was to perform analytical 
response analyses to investigate the applicabil ity of eccentric bracing to 
rack structures. Two conventionally braced frames (shown in Figure 8 as Types 
A-l and A-2) and two eccentrically braced frames (shown in Figure 9 as Types 
B-1 and B-2) were analyzed. Types A-l and A-2, which are the types most com-
monly used in industry, are essentially the same in configuration except that 
horizontal braces are provided only at the top and bottom of Type A-l. Type 
B-1 assumes beam-column connections to be fixed whereas Type B-2 considers 
them to be pinned. 
Equivalent Static Analysis. Four braced frames were designed using the lat-
eral force provisions of the UEC and the rack design criteria prescribed in 
the RMI specification. Steel with a yield strength of 45 ksi (310 MPa) was 
assumed. The frames were designed for Seismic Zone 4 (z = 1.0) and for values 
of K = 1.33 for the conventional scheme and K = 0.80 for the eccentric scheme. 
The factors I (importance factor) and S (site characteristic factor) were 
assumed to be 1.0. The load factor of 1.25 recommended in the UEC for all 
members in braced frames was not considered. It was also assumed that all 
connections could develop the full strength of the connecting members. In 
addition, no local deformation at the connections between the braces and col-
umns was considered in modeling the conventional braced-frame system. 
Table 1 presents the sizes and section properties of all members selected in 
accordance with the working stress design provisions with allowable stresses 
increased by 33%. It is of interest to note that a substantial savings in 
steel could be achieved by using the eccentric bracing system: 137 lb (62 kg) 
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for the eccentric bracing system versus 185 lb (84 kg) for the conventional 
bracing system, Type A-2. 
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Table 2 shows the results of the UBC seismic design analysis of the frames 
studied. The stress ratios of all critical members are within the allowable 
limit of 1.33 with the exception of a diagonal brace for Type A-2. However, 
an overstress ratio of 1.38 may be considered acceptable. The drift ratios 
for all schemes under consideration are within the allowable limit of 0.005. 
From a comparison of the stress ratios, it is evident that the two eccentri-
cally braced frames are overdeslgned, especially for the bracing members. The 
stress ratios shown in the table also demonstrate that the beams are the weak-
est elements and would be the first elements to yield in the event of an 
earthquake. This result complies with the seismic design philosophy recom-
mended in Reference 9, which makes use of strong columns and weak beams. In 
addition, the braces are designed such that their capacity can cause yielding 
of the beams, thereby precluding the possibility of brace buckling. 
Elastic Response Analysis. The braced frames that were designed in accordance 
with the UBC method were reanalyzed using the linear elastic response spectrum 
method. Figure 10 represents acceleration response spectra for 2%, 5%, and 
10% damping normalized to a PGA of 0.10g. These response spectra were based 
on statistical studies of 16 earthquake records by Blume et al.,2 representing 
the average spectral shape with a 50% probability of being exceeded. The 
damping values (A) assumed for the analysis were 2% for the conventional brac-
ing system and 5% for the eccentric bracing system. The analysis was per-
formed with the aid of the SAP IV computer program4 using the same analytical 
models developed for design. The criteria for the elastic design provisions 
are based on yield strength capacities of the structural components. Thus, 
allowable working stresses given in the RMI specification may be increased by 
70% in lieu of 33% for the working stress design. As in the UBC design, all 
connections were assumed to be adequate and to be able to develop the full 
strength of the connecting members. 
The purpose of the response analysis presented in this section was to deter-
mine the threshold level of seismic excitation (in terms of PGA) that causes 
the first major yield of the structure. 
The results shown in Table 3 indicate that the threshold level to cause major 
yielding of the conventionally braced frames would take place at a PGA ampli-
tude of about 0.07g (for the normalized response spectrum). Because no re-
serve or ductile lateral strength capacity is available in this system, this 
estimated threshold level would result in diagonal buckling damage and the 
possibility of imminent collapse of the structure. 
The threshold yield levels of the two eccentric bracing systems shown in Table 
3 illustrate that the beams will yield before primary lateral-force-resisting 
elements (i.e., columns and braces) become critical. Because sufficient duc-
tility or reserve energy could develop in the eccentric bracing system, it is 
expected that the threshold levels to cause major yielding of the structure 
could be reached at a PGA amplitude of 0.105g for Type B-1 (to cause columns 
to become critical) and 0.193g for Type B-2 (to cause bracing to become criti-
cal). Using the above estimated threshold levels, the potential energy capac-
ity (see Table 3, Note d) of the eccentric bracing system with the pinned 
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beam-column connections (Type B-2) was found to be about 4 ti.mes the capacity 
of the conventionally braced frame. 
The drift ratio of the eccentric bracing (Type B-2) was estimated to be 
0.0122, which is below the limit of 0.015 allowed in seismic design of .non-
essential structures. l 
Post yield Response Analysis. The results of the linear elastic analysis pre-
sented above illustrate that the yield capacity of the eccentrically braced 
frames is governed by yield of the beams. Because such yielding does not 
cause structural instability, a post yield analysis is needed to evaluate the 
ultimate earthquake response capacity of the eccentric bracing system. A rig-
orous inelastic analysis was beyond the scope of this study; the analysis con-
ducted was very approximate. A response spectrum for 10% damping, normalized 
to a PGA of 0.2g or 0.3g (see Figure 10) was used as an input spectrum for 
this analysis. The analysis was similar to that in the elastic analysis ex-
cept that, because of the high force level of this analysis, the model was re-
vised by relaxing the stiffness of the members that exceeded yield capacities. 
The Reserve Energy Technique developed by Blume3 was used to calculate the 




Fe (F - F )2 
_ + _e=---_-"y_ 
F 2F2 
Y Y 
demand force (axial force, moment, or shear) from 
elastic response analysis 
capacity force (axial force, moment, or shear) at 
yield assuming 1.7 times allowable capacity as 
set forth in the RMI specification 
By use of the ductility defined from the above equation, one obtains the 
reduced member stiffness (K') from the original stiffness (K) divided by 
the ductility (i.e., K' = K/Il). 
Table 4 shows the results from the post yield analysis for Type B-1 sub-
jected to a response spectrum for 10% damping normalized to 0.2g and Type 
B-2 subjected to the same spectral shape but normalized to 0.3g. (The re-
sults for Type B-1 and 0.3g are not shown because it was found that Type B-
1 coul d not surv i ve an earthquake correspond i ng to a PGA of O. 3g.) It is 
apparent from the results shown in the table that the structures become 
more flexible than the elastic models (T = 0.51 sec versus T = 0.46 sec for 
Type B-1 and T = 1.0 sec versus T = 0.86 sec for Type B-2). The overstress 
ratios of critical elements are all within the allowable limit of 1.75 (in-
elastic demand ratio) recommended in Reference 11. 
The drift ratio for Type B-2 was found to be 0.021, which exceeds the maxi-
mum allowable limit of 0.015 recommended in Reference 1. However, the cal-
culated drift ratio of 0.021 may be acceptable because the investigations 
described in Reference 5 suggest that the racks could tolerate much higher 
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drifts than the recommended allowable limits. The P-O effect due to exces-
sive drift was taken into account in estimating seismic demand on columns. 
The potential energy capacity was estimated to be about 1,800 in.-lb (203 
moN). or 6 times that of the conventional bracing scheme. 
In summary, the eccentrically braced frames studied would be capable of 
withstanding an earthquake corresponding to a PGA of 0.2g for Type B-1 as-
suming fixed beam-column connections and 0.3g for Type B-2 assuming pinned 
beam-column connections. The two conventionally braced frames under con-
sideration could only withstand an earthquake corresponding to a PGA of 
1 ess than O. 19. I n add it i on, the damage d i spl ayed in the convent i ona 11 y 
braced frames would imply imminent collapse, with no reserve or ductile 
strength capacity apparent. Besides providing for better seismic perform-
ance, the proposed eccentrically braced syste~ would also use less steel--
i.e., 137 lb versus 180 lb per frame (62 kg versus 82 kg). 
CONCLUSIONS 
The following conclusions and recommendations can be drawn from this study. 
• The UBe method (Standard No. 27-11) generally pro-
vides adequate earthquake resistance except that a 
larger load factor or some design modifications to 
braced-frame systems are needed to preclude early 
nonductile damage during a strong earthquake. The 
UBe formulas for determining the fundamental periods 
of vibration, such as T = O.oSh /l7J and T = 0.1N, are 
not appl icable to rack structur~s. The Rayleigh 
method (Equation 12-3 in the UBe) or a t:-.requency an-
alysis using an appropriate mathematical model (com-
puter-analysis method) are more desirable. 
• Aside from a considerable savings in steel, it is 
evident from the results of the analytical evaluation 
that the eccentric bracing system can undergo sizable 
amounts of inelastic deformation without suffering 
structural instability when subjected to earthquake 
motion corresponding to a peak ground acceleration of 
0.2g for Type B-1 and 0.3g for Type B-2. However, 
the conventional bracing system can be expected to 
undergo considerable nonductile damage, implying 
brace buckling failure at a very low level of earth-
quake excitation corresponding to a peak ground ac-
celeration of less than 0.1g. 
• To place the highly promising eccentrically braced 
frame system on a firmer basis. further analytical 
and experimental studies are recommended. These 
should include more rigorous inelastic dynamic anal-
yses of frames with different eccentricities and 
static cyclic tests similar to those conducted at the 
University of California, Berkeley. Experiments on a 
shaking table are also desirable. 
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Type A-l Type A-2 
• Lumped mass (4.000 lb per storage level) 
o Pinned end 
Fictitious element 








FIGURE 8 ANALYTICAL MODELS OF CONVENTIONALLY BRACED FRAMES 
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• Lumped mass (4,000 lb per storage level) 
0 Pinned end 
-l Fixed end 
Fictitious element 
Note: 1" 25.4 mm 
FIGURE 9 ANALYTICAL MODELS OF ECCENTRICALLY BRACED FRAMES 
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TABLE 
SECTION PROPERTIES BASED ON VBC ZONE 4 DESIGN 
Weight 
Elementa A I I Sx S per Type Gage ( In. 2) (in:" ) (i n~") (in. 3 ) ( i n~ 3) Frame 
( 1 b) 
Conven- Column 10 1.35 1.60 1.68 1.07 0.98 170 tional (185 )b Bracing Brace 14 0.32 - - - -
Column 13 0.91 1. 10 1.15 0.74 0.67 
Eccen-
tric Brace 16 0.26 - -- -- - 137 
Bracing 
Beam 16 0.42 0.19 0.19 0.22 0.22 
a. Column: 3" x 3" C-section with 3/4" 1 ips Note: in. 2.54 cm 
Brace: 1-1/2" x 1-1/2" C-section without 1 ips in. 2 6.45 cm2 
Beam: 1-3/4" x 1-3/4" tubular section in .3 16.38 cm3 
b. Weight for Type A-2 in .'+ 41.62 cm" 
TABLE 2 
RESULTS OF SEISMIC DESIGN ANALYSIS USING THE VBC METHOD 
Base Ratio of Demand to Capacity 
Type Period. Drift 
T (sec) Shear. Bracing. Column. Beam. Ratio V (Ib) falFa falFa + fblFb fblFb 
A-l 0.39 . 1.708 1.30 1.32 - 0.0024 
A-2 0.37 1.749 1.38 1.22 -- 0.0020 
B-1 0.46 944 0.68 1.07 1.11 0.0015 
B-2 0.84 698 0.60 0.83 0.93 0.0043 
Notes: 
1 1 b = 4.45 N 
The ratio of demand to capacity is given for the most critical members in 
each frame. all of which are located near the bottom. The allowable ratio 
of demand to capacity is 1.33. 
Drift ratio is the ratio of story deflection to height. 
calculated compression stress (ksi) 
ca 1 cui ated bend i ng st.ress (ks i ) 
allowable compression stress (ksi) according to Section 3.2 of the 
RMI specification 
allowable bending stress (ksi) according to Section 3.4 of the RMI 
specification 
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TABLE 3 
RESULTS OF ELASTIC RESPONSE ANALYSIS 
a Threshold Yield Level b Drift and PE Response Properties (g) at Yield Level 
Type 
I 
A- T S V Brace Column Beam Drift PE (%) ( sec) (ga, (lb) Ratio ( in.-lb) 
A-l 2 0.39 0.25'1 3•000 0.074c 0.083 - 0.0033 312 A-2 2 0.37 0.270 3.020 0.067c 0.084 - 0.0024 246 
B-1 5 0.46 0.176 1.851 0.127 0.105c 0.077 0.0030 368 
B-2 5 0.84 0.091 1.017 0.193c 0.210 0.122 0.0122 1.188 
1 lb = 4.45 N; 1 in.-lb = 0.11 M·N 
a. From response spectrum analysis normal ized to a PGA of O.lg. 
b. PGA amplitude (of normalized response spectrLlm curve) that causes yield. 
The Sa value from the normalized response spectrum is used to calculate the 
yield. Threshold yield levels are given for the most critical members in 
each frame. all of which are located near the bottom. 




PE 1/2 L P 'O' 1- 1-
i=l 
where: 
PE potential energy (in.-lb) 
p. 
1-
lateral force acting at level i 
°i deflection at level i 
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FIGURE 10 RESPONSE SPECTRA 
TABLE 4 
RESULTS OF POSTYIELD ANALYSIS OF ECCENTRIC BRACING SYSTEM 
Response 
Propertles a Ratio of Demand to Capacity Drift and Energy 
Type Base Bracing, Column, Beam, 
PEb Period, Shear, fa fa fb fb Drift 
T (sec) Vb (lb) 1.7Fa --+-- 1.7Fb Ratio (in.-lb) 1.7Fa 1.7Fb 
B-1 0.51 2,621 1.10c 1.20c 1.53c 0.0058 791 
B-2 1.0 2,080 1.01c 1.04c 1.43c 0.0208 1,852 
1 lb = 4.45 N; 1 in-lb = 0.11 M.N 
a. The PGA was 0.2g for Type B-1 and 0.3g for Type B-2. The damping was 10% 
in both cases. 
b. For PE, see Table 3. 
c. The inelastic demand ratios were obtained from Reference 11. The allowable 
ratio is 1.75 in both cases. The ratio of demand to capacity is given for 
the most critical members In each frame, all of which are located near the 
bottom. 

